The pH, electrical conductivity and runoff response of the Allt à Mharcaidh catchment is assessed for the period 1 November 1985 to 30 April 1986. Hydrographs generated by three distinct types of input are discussed; rain, snowmelt and rain-on-snow. Each produces a distinct response at the catchment outflow and the close relationship between discharge and pH emphasises the importance of hydrological factors in determining stream acidity. Interpreting the data with a view to identifying hydrological pathways, however, presents conflicting hypotheses. The data show that moorland catchments are susceptible to severe acid pulses, the most acidic being in response to snowmelt.
INTRODUCTION
In recent years the acidification of surface waters in North America and Western Europe has been of increasing concern as lakes and rivers have shown a progressive reduction in fish population (Aimer et al, 1974) . This phenomenon has been explained by the deposition of anthropogenic acid pollutants linked to emissions of, in particular, oxides of sulphur and nitrogen from the burning of fossil fuels (Overrein et al, 1980) . The areas most vunerable to acid deposition are those with base-poor bedrock and soils (Harriman & Morrison, 1982; Stoner et al., 1984) . Many studies have also shown that water draining afforested catchments in the UK are more acidic than similar moorland catchments (Hornung et al., 1987) . The influence of the trees on stream pH has been explained by increased water use thereby concentrating incoming pollutants in the soil, increased uptake of base cations and the ability of the trees to scavenge dry particulates, acidic mist and fog droplets. This paper sets out primarily to demonstrate the frequency and magnitude of acid pulses that occur in a moorland catchment in the Cairngorm Mountains of Scotland which receives relatively small amounts of anthropogenic deposition. The data are also used to assess the observed variations with a view to understanding the hydrological pathways operating during the storm events. This latter problem is of crucial importance if hydrochemical models are to be constructed to describe and predict short term catchment response.
The hydrochemical response of a stream, defined by its pH, electrical conductivity and flow, can be assessed over three distinct time scales. A long term empirical approach based on flow averages allows water budget characteristics to be evaluated and trends in chemical response to be identified. For this type of study a database of several years is desirable to produce accurate flow-weighted means of pH and ion concentrations. Such an analysis is useful for comparison of catchments on a local or regional scale, and has frequently been used to assess the acidity of streams in forested and unforested catchments, but can be misleading in catchments whose waters are well buffered with a high annual mean pH. These catchments can be susceptible to short-lived but severe acid pulses which could be ecologically damaging. Secondly, on a monthly or seasonal scale, trends in storage ability of the catchment become apparent and the importance of antecedent conditions on catchment response can be assessed. Thirdly, on an individual event basis the pH, flow and conductivity response may be studied closely and mechanisms and pathways may be inferred.
The hydrological response of a catchment in the long term will be influenced by the physical characteristics of the catchment such as geology, soil type, vegetation and mean precipitation input, whilst mean pH and conductivity of the stream water will reflect the interaction of the chemical characteristics of the bedrock soils and input. These physical and chemical factors are interlinked, as demonstrated by Booty et al., (1988) who found that the differences in mean acid loadings between two lakes in the Adirondacks, USA, were explained by differences in the depth of the drift material (overburden) which influenced both travel times and acid neutralizing capacity within the catchments. Over the storm period, however, one is concerned with instantaneous changes in pH, conductivity and flow and these are dominated by the water flow paths and storage times in the catchment and the way in which they change as a storm progresses.
The storm hydrograph has been conventionally broken down into quick and slow flow components with the quick flow comprising surface and near-surface routeways which contribute to the steep rising limb, whilst slow flow represents soil throughflow and groundwater pathways contributing to the recession limb. These pathways may also reflect catchment physical attributes as the uplands of the UK are dominated by hard bedrock, impermeable drifts, indurated soil horizons and steep slopes which conventionally focus runoff processes towards the surface and shallow soil layers (Newson, 1986 ). In addition, runoff studies from slopes covered by peat and podsols, as found in much of the UK, point to the major influence of soil pipes (Gilman & Newson, 1980) which, under conditions of local saturation, may cause rapid downslope transmission of water effectively bypassing the soil buffer (Beven & German, 1980) . A simple chemical division of hydrographs conforms to this approach with quick flow taking the characteristics of the acidic precipitation having little contact with the soil to neutralize acidity and so causing the stream pH to drop, and slower contributions passing more slowly through the soil where the acidity will be neutralized by exchange with base cations causing the stream pH to recover again. Recent work on the chemical separation of hydrographs into their event water (rainfall or snowmelt) and pre-event water (stored within the catchment prior to the event) components has shown, however, that the assumption that runoff pathways can be divided into shallow and rapid or deep and slow components is too simple. Sklash & Farvolden (1979) have shown that pre-event water can comprise up to 80% of storm runoff whilst Bottomley et al, (1986) demonstrate that saturated groundwater flow must be the major run-off generating mechanism during melt events in the Pre-Cambrian Shield area of Canada. Gillham (1984) suggests a mechanism for this by demonstrating that the addition of a small amount of water to the capillary fringe will cause a rapid and disproportionately large rise in the water table leading to a large discharge of groundwater to the stream. Given that this water has had a relatively long storage time it should then contain equilibrium concentrations of solutes derived from the mineral layers. Clearly, this does not correspond to observed decreases in pH with increased flow, and so the identification of flowpaths within the catchment is crucial to problems of surface water acidification. This paper sets out to consider these processes in the light of a continuous record of pH, flow and conductivity.
THE STUDY SITE AND RESEARCH PROGRAMME
The Surface Water Acidification Programme (SWAP) was initiated in 1985 by the joint British and Scandinavian scientific committee as a long term collaborative project of research into the causes and effects of acidification of surface waters (Mason & Seip, 1985) . Within this programme, catchments were selected for detailed study to represent heavily acidified, pristine and transitional areas. The AUt à Mharcaidh catchment was selected as one transitional site, that is, a catchment which is not acidified, does not receive a particularly high loading of anthropogenic pollutants but due to its physical characteristics of slowly weathering bedrock and relatively thin acidic soils is thought to be at risk as regards future acidification problems.
The AUt à Mharcaidh catchment lies on the western flank of the Cairngorm Mountains draining an area of approximately 10 km 2 into the River Feshie which is a tributary of the River Spey. Altitude ranges from 225 m at the catchment outflow to 1111 m at the highest point and generally steep slopes contribute to a flashy hydrograph response. The catchment is underlain by intrusive biotite-granite of Lower Old Red Sandstone and associated with the late stages of the Caledonian Orogeny. Thick glacial deposits, derived from local rock, cover much of the valley floor. Vegetation is mainly a mixture of heather and fescue grassland although a sparse stand of natural, native pinewood covers an area of c. 1 km 2 near the outflow on the lower slopes. Soils are essentially of three main types: alpine and peaty podsols of the Countesswells Association covering approximately 60% of the catchment and approximately 40% blanket peat.
The area receives approximately 1200 mm of precipitation per annum although this is extremely variable from year to year and up to 30% may fall as snow. This seasonality of precipitation input affects runoff dynamics in that hydrographs may be generated by three mechanisms, viz. rainfall, snowmelt and rain-on-snow. Rainfall-induced events are most common in summer and autumn, snowmelt events occur mainly during early spring, and rain-on-snow events during late spring and winter. The locations of the catchment, major soil types and main monitoring sites are shown in Fig. 1 .
METHODOLOGY
Stream pH, temperature and electrical conductivity were monitored continuously at the catchment outflow (Fig. 1 ) using a pHOX 100 DPM monitoring system. The combination pH electrode was buffered at least once a month, and more usually at two-week intervals. pH was compensated for stream temperature automatically. Measurements are accurate to ±0.2 pH units which is negligible in terms of absolute hydrogen ion concentration at high pH but could represent a significant error at pH less than 5.0. Absolute hydrogen ion concentrations reported during high flow events should, therefore, be interpreted with this in mind. Conductivity was measured using an epoxy resin probe with cell constant equal to 1.0.
Stream stage was monitored using two Druck pressure transducers installed in a stilling well. These are accurate to ± 1 mm and are unaffected by changes in water temperature. Stream stage was related to discharge through a rating equation constructed by dilution gauging techniques. All continuously monitored variables were logged at 20 minute intervals.
Bulk precipitation was collected weekly from 9 December 1985 at the catchment outflow (Rl on Fig. 1 ), using a 40 cm funnel situated 1 m above the ground. This collector was operated by the Freshwater Fisheries Laboratory, Pitlochry, as part of the SWAP study programme. The depth of snowfall in the catchment was inferred from daily observations of snow depth by the Meteorological Office at Aviemore, some 8 km away from the catchment, and from manual snowdepth surveys in the catchment carried out weekly from February 1986 by the University of Stirling. Rainfall was measured at the centre of the catchment (AWS on Fig. 1 ) using a standard 12 inch tipping bucket gauge which recorded hourly intensities. During the ALPINE PODSOLS study period, however, much of the precipitation input fell as snow and the rainfall data may be inaccurate in terms of timing and volumes. Three further ground-level raingauges are positioned in the catchment (R1-R3 in Fig. 1 ) but these were frequently frozen and/or snow covered and the data are not used here.
RESULTS
The discharge, electrical conductivity and pH record from the catchment outflow (Gl in Fig. 1 ) and rainfall intensity in the centre of the catchment (AWS in Fig. 1 ) for the period 1 November 1985 to 31 December 1985 are shown in Fig. 2 . During this period three rainfall events between 1 and 10 November caused the pH and conductivity to drop before returning to the pre-storm value as discharge returned to baseflow conditions. Following snowfall on 10-11 November four minor rain-on-snow events occurred between 11 and 27 November, each of which caused the pH to fall by between 0.3 and 0.5 units whilst only the last two events, the larger of the four, were associated with drops in conductivity. Further snowfall occurred on 27-28 November and this melted on 1-2 December as temperatures rose suddenly in association with rainfall. The resultant runoff peaks caused pH drops of up to 1.5 units and a concomitant decrease in conductivity. Both pH and conductivity returned only slowly to their pre-storm levels as the flow decreased over a period of seven days. Time/Days
Fig. 2 Discharge, electrical conductivity, pH, rainfall and snowfall (. ) records for November and December 1985.
In terms of the pH response, the data show that pH and discharge are closely and inversely related which emphasizes the importance of hydrological mechanisms in producing acid events. The relationship, however, is not perfect. For example, the second storm event on 6 November with a discharge peak of c. 0.5 m 3 s~l is associated with a pH drop of 0.9 units, yet the preceding event on 4-5 November has a peak discharge of c. 2.0 m 3 s" 1 and the pH drops by a similar amount (ie. pH 6.5 to pH 5.5). This would imply that more acidic water may enter the stream during events from finite stores within the catchment or may simply reflect a variation in rainfall chemistry between events if the event water was reaching the stream rapidly. The closeness of the two flow peaks on 1-2 December and the similar pH responses indicate that if acid water is coming into the stream from finite stores within the catchment, these stores of water are not easily depleted. Alternatively, the flow paths in the catchment may lead old stored water into the acidic upper soil layers before entering the stream. Figure 3 shows the discharge, rainfall conductivity and pH record for January 1986, the storm events in this month being caused by a combination of snowmelt and rain-on-snow inputs. Comparing this period with the autumn period (Fig. 2 ) the difference in runoff response is striking in that discharge peaks of similar magnitude are associated with much greater drops in pH (minimum pH = 4.5). Furthermore, relatively minor storm events are associated with sharp decreases in pH, in particular the hydrograph event on 13-14 January. The bulk rain sample for 7 to 14 January shows that high deposition of sea-salts occurred as rain or snow during this period (rainfall pH = 5.09, conductivity = 100 iiS cm" S sodium = 618 iieq l" 1 and chloride = 744 neq l" 1 ) and this will have had the effect of decreasing pH by ion exchange processes.
Electrical conductivity during this period shows a sharp increase during hydrograph events, and this again may reflect the sea-salt influence. However, a landslide occurred upstream of the gauging station (Gl) on 12 January 1986 and the high conductivity may be partly due to the subsequent increase in sediment supply in the channel.
Discharge, conductivity and pH record for the period 1 March to 31 April 1986 are shown in Fig. 4 . This period followed a very cold February during which there was a heavy build-up of snow and little or no melting. Consequently, the events in early March represent the first major snowmelt of the year. Hydrograph shape is noticeably "pyramidal" or "reversed" with a slow rise to peak as the melt progresses followed by a slow return to baseflow as the temperature drops below freezing. Major melt periods in March produce severe acid episodes (pH = 4.5) whilst diurnal melting in April produces less intense acid episodes as the snow cover recedes. Conductivity increases with each discharge peak and decreases only slowly on the falling limb of the hydrograph.
DISCUSSION
In terms of hydrological pathways and mechanism of hydrograph generation the pH, conductivity and flow response to input are open to conflicting interpretations. The observed response of decreased electrical conductivity during rainfall events is different from that reported by Anderson & Burt (1982) and by Cooper et al. (1987) from a smaller high altitude catchment in the same area of Scotland. Both studies found that the conductivity returned to its pre-storm level before the peak discharge had been reached and attributed this to 'piston-flow'. That is, after a rainfall event where the rainwater was of lower ionic concentration than the stream water, quick-flow processes dominated in the early stages of the event causing a dilution of the dissolved load. Then as the event progressed, water stored in the soil of higher ionic concentration was forced out by pressure of water infiltrating from above. This conductivity response does not occur in the Allt à Mharcaidh catchment, although the basin may be too large for such an effect to be observed. The dissolved load is diluted by storm input as conductivity decreases rapidly on the rising limb of the hydrograph but the return to baseflow levels occurs only slowly on the recession limb. This implies that either event water of low conductivity dominates the storm runoff or that pre-event water displaced during the storm is of solute concentration similar to the rain water. During snowmelt, the Allt à Mharcaidh catchment responds with an increase in conductivity and although this is similar to the respoase observed by Cooper et al. (1987) they note a decrease to baseflow levels before the discharge peak is reached. Again the conductivity decreases only slowly on the recession limb of the hydrograph. The increase in conductivity during snowmelt may be attributable to the release of solutes in preference to water in the initial stages of a melt (Johannesson & Henriksen, 1978; Brimblecombe et al, 1986) so that the initial fractions of meltwater have a higher concentration of solute than the lying snows. Hence, Cooper et al (1987) argue that an early pulse of solute-enriched meltwater enters the stream before the "older" stored water is forced out during the peak of the flow event by some "displacement" effect. The fact that the conductivity in the Allt à Mharcaidh catchment does not return to pre-storm levels until discharge decreases may be explained by the size of the basin (c. 10 km 2 ) and the amount of lying snow cover compared to that studied by Cooper et al. (1987) whereby differential melt rates within the catchment may produce runoff of different solute concentrations. This conductivity response again suggests that event water dominates the hydrograph and that a combination of quick flow and slow flow pathways can account for the observed variations.
A close relationship between discharge and pH is evident in that pH falls sharply with increased flow and then recovers only slowly on the recession limb. This can be interpreted as being similar to the conductivity response with the hydrograph being dominated by event water and the magnitude of the pH drop governed by the pH of the incoming rain or melt water. It should be noted, however, that rainfall pH varies between 3.8 and 6.0 in the catchment yet stream pH does not drop below 4.5. This illustrates that if event water is entering the stream quickly it undergoes reaction with near surface acidic soil layers and does not retain the rainfall characteristics. As the storm progresses and water which has been buffered by longer contact with the soil from the slower pathways becomes more important in terms of the runoff volume, the pH returns towards its baseflow level. It could also be argued that the slower return flow water of relatively high pH represents pre-event water which has been displaced during the storm event.
This interpretation becomes more difficult, however, if the hydrogen ionflow relationship for individual events is examined in more detail. Figure 5 illustrates that peak hydrogen ion concentration for rain, snow and rain-on-snow events consistently lags behind peak discharge and so is unlikely to be the result of direct runoff of acidic event water. This may be explained by kinematic wave theory, although this is thought to be unlikely in such a steep, rough channel, or by simple flood routing within the basin or more likely by mixing varying proportions of event and pre-event water. At the onset of a rain event, saturated areas near the channel contribute an initial pulse of water as direct runoff which represents the mixing product of low acidity pre-event water and high acidity event water. 1985 , (b) 20 December 1985 , (c) 19 January 1986 , (d) 3 March 1986 As the storm progresses and macropores and soil pipes contribute, event water increasingly dominates the stream pH until just after peak runoff is reached, and thereafter the proportion of event water declines and pre-event water gradually becomes the dominant component and the pH slowly increases. This interpretation apparently fits both rainfall and snowmelt generated hydrographs and is consistent with both the continuous pH and conductivity records.
CONCLUSIONS
The data presented here are open to a variety of interpretations in terms of hillslope hydrology mainly because both electrical conductivity and pH of rain and melt water will be modified by ion exchange, uptake by vegetation and enrichment from weathering processes. Identification of flow paths and hydrograph generation mechanisms should only be attempted in conjunction with truly conservative tracers. Nevertheless, the continuous record from this catchment indicates that a combination of both event water and pre-event water makes up the storm hydrograph and accounts for observed variations in pH, flow and conductivity. The relative proportions of event and pre-event water will undoubtedly change between storms as a result of antecedent catchment wetness and rainfall or snowmelt intensity. It is unlikely, however, that event water would comprise the bulk of the storm runoff although it appears to dominate the peak flow.
It is important to note that whether "old" stored water or "new" rain/meltwater dominates the storm hydrograph, catchment response times are short and water enters the channel quickly. This is well demonstrated by the flashy nature of the discharge hydrograph. Further analysis of individual events encompassing chemical monitoring of streams, rainfall and soil flows will be necessary to clarify the runoff processes operating in this catchment.
With respect to the problems of surface water acidification, the close relationship between flow and pH emphasizes the importance of identifying hydrological pathways, especially if process-based catchment models are to be constructed. Furthermore, it has been shown that moorland areas are at risk from acidification problems during storm periods, the most severe, in this case, being associated with snowmelt generated events.
